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During meiosis, chromosomes must find and align
with their homologous partners. SUN and KASH-
domain protein pairs play a conserved role by estab-
lishing transient linkages between chromosome
ends and cytoskeletal forces across the intact
nuclear envelope (NE). In C. elegans, a pairing center
(PC) on each chromosome mediates homolog pair-
ing and linkage to the microtubule network. We
report that the polo kinases PLK-1 and PLK-2 are tar-
geted to the PC by ZIM/HIM-8-pairing proteins. Loss
of plk-2 inhibits chromosome pairing and licenses
synapsis between nonhomologous chromosomes,
indicating that PLK-2 is required for PC-mediated
interhomolog interactions. plk-2 is also required for
meiosis-specific phosphorylation of SUN-1 and
establishment of dynamic SUN/KASH (SUN-1/ZYG-
12) modules that promote homolog pairing. Our
results provide key insights into the regulation of
homolog pairing and reveal that targeting of polo-
like kinases to the NE by meiotic chromosomes
establishes the conserved linkages to cytoskeletal
forces needed for homology assessment.
INTRODUCTION
The accurate segregation of chromosomes during meiosis
depends on earlier events that first match homologous chromo-
somes, a process that in most organisms is then followed by
synapsis (synaptonemal complex [SC] formation), and the estab-
lishment of physical linkages between homologs (crossovers) as
products of recombination (Page and Hawley, 2004). During
meiotic chromosome pairing, homologous chromosomes must
find and recognize each other within the three-dimensional
nuclear space and align along their lengths (Zickler, 2006). Inti-
mately associated with this process is the polymerization of
the SC between homologs to stabilize early pairing and to
promote crossing over; however, SC polymerization is not
dependent on DNA homology and occurs readily between
nonhomologous chromosomes, indicating that its initiation
must be regulated (Colaia´covo, 2006). Studies from a number948 Developmental Cell 21, 948–958, November 15, 2011 ª2011 Elsof organisms have now revealed a conserved role for cytoskel-
etal forces in driving meiotic chromosome movement within
the nucleus to promote homology assessment and prevent
promiscuous synapsis, and to resolve chromosome entangle-
ments during chromosome pairing (Alsheimer, 2009; Hiraoka
and Dernburg, 2009; Koszul and Kleckner, 2009).
How are forces originating in the cytoplasm transferred to
meiotic chromosomes within nuclei? At the onset of meiotic
prophase, chromosome end(s) stably associate with the inner
nuclear envelope (NE); in most organisms telomeres associate
with the inner NE and cluster to form ameiotic ‘‘bouquet’’ (Scher-
than, 2001), while in C. elegans pairing centers (PCs) located
near one end of each chromosome establish an association
with the NE (Phillips and Dernburg, 2006). The tethering of
meiotic chromosome ends is widely associated with the forma-
tion of an electron-dense attachment plate on the nucleoplasmic
face where the chromosome end attaches to the inner NE, and
the connection of this plate to the cytoplasm through filament
bundles that transverse the NE (Scherthan, 2007). SUN-domain
proteins are awidely conserved family of eukaryotic proteins that
span the inner NE and interact through their C-terminal SUN
domains with the KASH domain of transmembrane proteins
that span the outer NE and interact with cytoskeletal compo-
nents (Tzur et al., 2006). Cytological evidence from studies of
meiosis in widely diverse species collectively supports a model
in which SUN/KASH-domain protein modules associate with
tethered chromosome ends to span the NE and transfer forces
generated in the cytoplasm to chromosomes within the nucleus
during chromosome pairing (Alsheimer, 2009; Hiraoka and
Dernburg, 2009).
In the soma, SUN-domain proteins appear immobile within the
NE (Lu et al., 2008) and interact with multiple KASH partners to
anchor the nucleus to the cytoskeleton during essential
processes like nuclear migration and positioning (Fridkin et al.,
2009). In contrast, SUN-KASH modules during meiosis appear
to be highly mobile within the NE and aggregate in the vicinity
of chromosome ends; fission yeast Sad1-Kms1 complexes
relocalize with NE-associated telomeres during telomere clus-
tering (Chikashige et al., 2007), mammalian Sun1 aggregates
at telomere attachment sites (Ding et al., 2007), and C. elegans
SUN-1 and its KASH-domain partner ZYG-12 first transiently
concentrate at the sites of PC association with the NE and
then coalesce to form the dynamic patches diagnostic of the
chromosome-pairing and -sorting processes (Penkner et al.,
2009; Sato et al., 2009). Disruption of these integral NE proteinsevier Inc.
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meiosis, indicating an essential and conserved role for NE
protein dynamics and the resulting transmission of cytoskeletal
forces to chromosomes during this process (Alsheimer, 2009;
Hiraoka and Dernburg, 2009). An outstanding question is how
the NE-spanning connections between chromosomes and the
cytoskeletal network are established at the onset of meiosis to
produce chromosome movement. In C. elegans, the serine/
threonine kinase chk-2 is required for the initiation of multiple
early meiotic processes, including two events that have been
implicated in the formation of the linkages to the cytoskeletal
forces: the association of the autosomal PC-binding proteins
(ZIMs) with PCs (Phillips and Dernburg, 2006; Sato et al.,
2009); and meiosis-specific phosphorylation of the N terminus
of SUN-1 required for SUN-1/ZYG-12 patch formation (Penkner
et al., 2009).
During mitosis in yeast and animal cells, key events in the
formation of cytoskeletal structures are regulated by Polo kinase
(Plk1 in vertebrates, PLK-1 in C. elegans, Polo in Drosophila,
Cdc5 in S. cerevisiae), the most conserved member of the
Polo-like family of Ser/Thr kinases (Plks). Plks are distinguished
by the presence of a carboxyl terminal Polo box domain (PBD)
that mediates subcellular localization through binding to phos-
phorylated targets (Archambault and Glover, 2009). Polo kinase
progressively localizes to multiple subcellular structures where it
regulates key cell division events, including centrosome matura-
tion, microtubule-kinetochore attachments, and contractile ring
assembly (Petronczki et al., 2008). While budding and fission
yeast each have a single Plk most related to vertebrate Plk1,
the increased complexity of metazoans is accompanied by the
appearance of additional Plks whose roles in cell division are
less understood: Plk2, 3, 4, and 5 in vertebrates; PLK-2, 3, 4 in
C. elegans; and PLK4 in Drosophila. In addition to its functions
in mitotic cell division, the single budding yeast homolog of
Polo kinase (Cdc5) also functions in crossover formation and
pachytene exit during meiosis (Sourirajan and Lichten, 2008),
raising the possibility that Plks may have important functions in
the complex events of meiosis that have not been revealed by
vertebrate cell line studies. While Plk1 shares most homology
with Plk2, the function of the latter remains elusive, despite the
fact that it is widely conserved in vertebrates and some meta-
zoans; human Plk2 has been implicated in the S-phase check-
point (Matthew et al., 2007), and C. elegans PLK-2 functions
redundantly with PLK-1 in regulating embryonic polarity (Nishi
et al., 2008). Our study reveals a previously unsuspected role
for PLK-2 or any other Plk in meiotic chromosome pairing and
the concomitant changes in the NE that have been shown to
be an essential component of the process.
RESULTS
Meiotic Prophase Functions for C. elegans Polo-like
Kinases
We isolated a severe loss of function in the C. elegans polo-like
kinase 2 that resulted in meiotic chromosome missegregation
(see Figures S1 and S2 available online). plk-2(vv44) is
a missense C-T mutation that results in a P197L amino acid
substitution at a highly conserved residue within the activation
loop of the kinase domain of the predicted protein (Figure S1A).Developmeplk-2(vv44) behaves recessively with respect to embryonic
lethality and X chromosome nondisjunction, and fails to comple-
ment two preexisting deletion null alleles, confirming that it
corresponds to a loss-of-function mutation in plk-2: ok1936
(deleting nucleotides 12–1043 of the genomic sequence and fol-
lowed by a 16 base pair insertion) and tm1395 (predicted to re-
move the PBD). While plk-2(vv44) homozygotes segregate
80% dead embryos and 30%male progeny among the survivors
as a consequence of autosomal and X chromosome nondisjunc-
tion, both deletion mutants exhibit a less severe phenotype: plk-
2(ok1936) mutants segregate 48% dead embryos and 7% male
progeny, while plk-2(tm1395) homozygotes segregate 54%
dead embryos and 7% male progeny. Examination of DAPI-
stained diakinesis nuclei (the last stage of oocyte meiotic
prophase) revealed a similar phenotypic pattern (Figure S2A);
while the nuclei of WT oocytes invariably contain 6 bivalents rep-
resenting the 12 chromosomes joined by a chiasma, such nuclei
were never observed in plk-2(vv44) mutants. Instead, over 90%
of the nuclei showed 10–12 DAPI-stained bodies, indicating
a severe defect in chiasma formation. In contrast, six bivalents
were observed in 15% of the germlines of plk-2(ok1936) deletion
mutants, and over 70% of the nuclei exhibited seven to nine
DAPI-stained bodies, a comparatively modest reduction in
chiasma formation. Since the plk-2(vv44) mutation does not
affect the PBD of the protein, and plk-2 is redundant with plk-1
for functions in the establishment of embryonic polarity (Nishi
et al., 2008), we considered the possibility that the severity of
the plk-2(vv44) mutant phenotype was a consequence of
PLK-2vv44 interfering with redundant PLK-1 activity required for
chiasma formation. While we could detect no mitotic defects in
plk-2 mutants, PLK-1 is required for mitosis, and its loss results
in embryonic lethality and defects in mitotic chromosome struc-
ture and segregation (Chase et al., 2000; data not shown). In the
germline these defects are transmitted through meiosis and
preclude the accurate scoring of diakinesis figures. However,
depletion of plk-2(vv44) by plk-2(RNAi) or by placing in trans
with the deletion allele ok1936 results in a significant restoration
of chiasma formation (Figure S2A); in the latter case 5% of the
nuclei show six bivalents, and 40% of the nuclei show seven
to nine DAPI-stained bodies. The observations that mutants
lacking any PLK-2 are able to form more bivalents than
PLK-2vv44-expressing mutants and that removal of mutant
PLK-2vv44 by RNAi mitigates the mutant phenotype are most
simply explained by PLK-2vv44 binding through its intact PBD
to PLK-2 targets and interfering with redundant PLK-1 activity
by blocking access to the target protein(s). Despite the severe
loss-of-function phenotype of plk-2(vv44) mutants, PLK-2vv44
retains kinase activity in vitro (Figure S1B), suggesting that
vv44 affects the ability of the mutant kinase to recognize physio-
logical targets and/or to efficiently phosphorylate them in vivo.
Meiotic Chromosome PCs Localize PLK-2 to the NE
The syncytial germline of C. elegans follows a spatiotemporal
progression through meiotic prophase easily visualized in
three-dimensionally preserved DAPI-stained gonads. Nuclei
proliferate mitotically in the distal germline, and followingmeiotic
S phase enter into the leptotene-zygotene stage of meiotic
prophase (also known as the transition zone) where they reorga-
nize to asymmetrically cluster their chromosomes, a processntal Cell 21, 948–958, November 15, 2011 ª2011 Elsevier Inc. 949
Figure 1. Chromosome-Associated PLK-2 Localizes to Patches at
the Nuclear Periphery and to Synapsed Chromosomes
Nuclei from wild-type and plk-2 mutant germlines at the indicated stages
stained with PLK-2 (cyan) and HTP-3 (red).
(A) In wild-types, PLK-2 first localizes to four to five chromosome-associated
patches at the nuclear periphery. PLK-2 localization in plk-2(vv44) mutants is
similar; however, large patches do not form, and instead, numerous small
chromosome-associated foci are evident at the nuclear periphery.
(B) At pachytene, PLK-2 localizes to synapsed chromosome axes in both
controls and plk-2 mutants. Scale bars, 5 mm. See also Figure S1.
Figure 2. PLK-1 Partially Colocalizes with PLK-2
Transition zone nuclei from wild-type and plk-2mutant germlines stained with
PLK-1 (red) and (A, B, and D) PLK-2 (green) or (C) HTP-3 (green).
(A and B) PLK-1 colocalizes with PLK-2 to the nuclear periphery in some NE-
associated patches but is undetectable in others (arrows).
(C and D) In the absence of PLK-2, bright PLK-1 signals can be detected at four
to five NE-associated patches; however, little PLK-1 can be detected on the
synapsing chromosomes, in comparison to PLK-2 (compare to Figure S4).
Scale bars, 5 mm. See also Figure S2.
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stage (Dernburg et al., 1998). Since the protein interactions
mediated by the PBD of polo–like kinases target and spatially
restrict their activity in cellular processes, we determined the
localization of PLK-2 to investigate its function in meiotic events.
In the mitotically dividing nuclei of the distal region of the germ-
line, PLK-2 is first detectable at the centrosomes (data not
shown). However, upon entry into meiotic prophase, PLK-2
then localizes to approximately three to five chromosome-asso-
ciated aggregates at the nuclear periphery of leptotene-zygo-
tene nuclei; these aggregates disappear as synapsis initiates,
and PLK-2 then colocalizes with the synapsed chromosomes
of pachytene nuclei (Figure 1). We also investigated the localiza-
tion of PLK-1 in wild-type and plk-2 mutant germlines, and in all
cases PLK-1 can be detected at the nuclear periphery, similar to
the pattern observed for PLK-2 (Figure 2; for antibody specificity
see Figures S2B and S2C). While themajority of the PLK-1 signal
is found in the PLK-2-marked aggregates associated with the
NE, PLK-2 aggregates without detectable PLK-1 colocalization
are observable in both WT and plk-2(vv44) mutants (Figures 2A
and 2B, arrows). In deletion mutants lacking PLK-2, PLK-1 still
localizes to the NE-associated aggregates, indicating that
PLK-2 activity is not required for PLK-1 recruitment (Figures
2C and 2D). Given that the PBDs of mammalian Plk1 and Plk2
display some limited overlap in target recognition (van deWeerdt
et al., 2008), these results are consistent with the interpretation950 Developmental Cell 21, 948–958, November 15, 2011 ª2011 Elsthat PLK-1 and PLK-2 bind to the same target at the NE but
that PLK-2 has a higher affinity for the target and can interfere
with PLK-1 access.
The PLK-2-defined aggregates observed at the nuclear
periphery of early-stage meiotic prophase nuclei are highly remi-
niscent of the localization of C. elegans proteins participating in
the linkages that span the NE to connect the PC-bearing chro-
mosome ends to the force-generating cytoskeletal machinery
that drives meiotic chromosome movements. These include
the outer NE component ZYG-12 and the inner NE component
SUN-1 in association with the PC ends of the chromosomes.
The PC of each chromosome recruits one of a family of four pa-
ralogous C2H2 Zn-finger DNA-binding proteins (HIM-8, ZIM-1,
ZIM-2, ZIM-3), which are required for homolog pairing and
synapsis. However, these proteins are unlikely to be the sole
basis for homolog recognition since two members of the family
bind to the PCs of more than one chromosome pair (Phillips
and Dernburg, 2006; Phillips et al., 2005, 2009). Furthermore,
PC proteins appear to be dispensable for mediating the associ-
ation of the PCwith theNE since the X chromosomePC still inter-
acts with the NE in the absence of HIM-8 (Phillips et al., 2005). In
fact, PLK-2 colocalizes with ZYG-12, SUN-1, and HIM-8 and
ZIM-3 into the NE-associated patches implicated in the chromo-
some homology search process (Figure 3), and we could detectevier Inc.
Figure 3. PLK-2 Colocalizes with the NE Bridge that Connects PCs
with Cytoskeletal Forces
Transition zone nuclei stained with PLK-2 (green) and (A and B) the NE
components ZYG-12 or SUN-1 (red) and (C and D) the PC components HIM-8
and ZIM-3 (red).
(A) PLK-2 and ZYG-12 colocalize into an NE patch (arrow).
(B) PLK-2 colocalizes with SUN-1 into the NE-associated patches (arrows).
(C and D) PLK-2 colocalizes with the PC proteins HIM-8 (marking the X
chromosome PC) and ZIM-3 (marking the PCs of chromosomes I and IV) into
NE patches; remaining PLK-2 signals presumably mark the PCs of chromo-
somes II, III, and V. Scale bars, 5 mm.
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(Figure S2D).
To investigate if PLK-2 association with NE patches was
dependent on localization to the PC, we first examined its local-
ization in the absence of any of the PC-associated proteins. Loss
of any individual member of the ZIM/HIM-8 family results in loss
of pairing and synapsis of the affected chromosome throughout
meiotic prophase (Phillips and Dernburg, 2006; Phillips et al.,
2005). him-8mutant germlines in which zim-1,2,3 were depleted
byRNAi exhibited the 12 univalents in diakinesis oocytes (the last
stage of meiotic prophase) predicted to appear in the event of
loss of all PC-protein-mediated homolog pairing (data not
shown). In leptotene-zygotene nuclei depleted for the ZIM/
HIM-8 family, the localization of PLK-2 to patches at the nuclear
periphery is lost, indicating that PLK-2 recruitment to PCs is ZIM/
HIM-8 dependent (Figure 4). Instead, PLK-2 localizes to the
single SYP-1-marked nuclear aggregate that typically forms in
mutants in which chromosome axes fail to localize SC compo-
nents (Colaia´covo, 2006) (Figure 4A and Figure S3). At pachytene
PLK-2 colocalizes with SYP-1 between the nonhomologously
synapsed chromosomes, indicating that its recruitment to theDevelopmeSC is independent of zim/him-8 family functions; this localization
may reflect additional functions for PLK-2, consistent with the
involvement of budding yeast Cdc5 in crossover formation
(Sourirajan and Lichten, 2008). Consistent with the interpretation
that the ZIM/HIM-8 family is required for PLK-2 localization,
PLK-2 is not detectable at the nuclear periphery of early
prophase nuclei in the absence of two factors required for ZIM
recruitment to PCs (data not shown): HTP-3, an axis component
required for meiotic chromosome morphogenesis (Goodyer
et al., 2008), and chk-2, a serine/threonine kinase required
in C. elegans for the initiation of homolog pairing (but not
axis assembly; MacQueen and Villeneuve [2001]). We next
considered if localization of the ZIM/HIM-8 proteins to PCs is
sufficient to recruit PLK-2. We examined PLK-2 localization to
the X chromosome PC in him-8(me4) missense mutants in
which X chromosome pairing and synapsis are abrogated, but
the mutant protein retains an intact C-terminal DNA-binding
domain and localizes to the X chromosome PC (Phillips et al.,
2005). We could detect no colocalization of PLK-2 with
HIM-8me4 (Figure 4B, compare to Figure 3C), indicating that
neither the localization of HIM-8 to the PC nor the association
of the PCwith the NE is sufficient for PLK-2 recruitment. Further-
more, two lines of evidence indicate that plk-2 is not required for
the PC-NE interaction per se: the X chromosome PC continues
to associate with the NE in him-8(me4) in the absence of
PLK-2; and similarly, ZIM-3-marked PCs are localized to the
NE in plk-2(vv44) mutants (Figures 4B and 4C).
PLK-2 Coordinates Pairing with Synapsis
In comparison to wild-types, plk-2mutants show fewer polarized
nuclei corresponding to the leptotene-zygotene stage and
numerous partially polarized nuclei into early pachytene stages
(definedby synapsis between chromosomes), indicating a defect
in the progression of the early events of meiotic prophase (data
not shown). In plk-2(vv44) mutant germlines, PLK-2vv44 also
localizes to the nuclear periphery and to the SC. Furthermore,
meiotic chromosome morphogenesis as defined by the recruit-
ment of axis components like HTP-3 (Figure 1) and concentration
of ZIM-3 at the PCs is intact (Figure 4C), suggesting that the
chromosome are properly assembled for meiotic processes.
However, few large PLK-2-marked patches are observed at
the NE in plk-2 mutants, and instead, the protein localizes to
numerous smaller aggregates/foci, some of whose size is
consistent with the signal expected from individual tethered
chromosomes (<1.1 mm; Penkner et al., 2009 and data not
shown). The dynamics of chromosome pairing can be assayed
by fluorescence in situ hybridization (FISH) to single-copy loci-
like PCs, while SC polymerization can be monitored as the
appearance of stretches of central region components like
SYP-1 between DAPI-stained DNA tracts or coincident with
chromosome axis components like HIM-3 or HTP-3. Analysis
of the homologous association of chromosomes V and X in
plk-2(vv44) mutant germlines revealed a severe defect in chro-
mosome pairing throughout meiotic prophase (Figure 5A).
Despite this pairing defect, however, nuclei showed robust
SYP-1 stretches between paired DAPI-stained tracts and were
commonly found associated with unpaired HIM-8-marked X
chromosomes (Figures 5B and 5C). The length and number of
the SYP-1 tracts observed in plk-2(vv44) pachytene nuclei arental Cell 21, 948–958, November 15, 2011 ª2011 Elsevier Inc. 951
Figure 4. PC Proteins Are Required for PLK-2
Recruitment at the PC and Synapsis Initiation
(A) Nuclei at the indicated stages of meiotic prophase
stained with PLK-2 (red) and the synapsis marker SYP-1
(green) in controls and in germlines depleted for the ZIM/
HIM-8 family of PC proteins. In the absence of the PC
proteins, SYP-1 localizes into a single aggregate with
PLK-2, and no SYP-1 or PLK-2 is detectable in association
with the chromosomes at leptotene-zygotene. At pachy-
tene, PLK-2 colocalizes with SYP-1 on nonhomologously
synapsed chromosomes.
(B) Leptotene-zygotene nuclei from him-8(me4) mutants
stained with PLK-2 (green) and HIM-8 (red). HIM-8me4 at
the X chromosome PC localizes to the nuclear periphery
but fails to colocalize with PLK-2 (arrows).
(C) Leptotene-zygotene nuclei of plk-2(vv44) mutants
stained with PLK-2 (green) and ZIM-3 (red). ZIM-3 local-
izes to the nuclear periphery and colocalizes with PLK-2.
In plk-2(vv44) mutants, PLK-2-marked patches are small
(see Figure 3D for WT), reflecting defects in NE dynamics
and PC clustering in the mutant. Scale bars, 5 mm. See
also Figure S3.
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data not shown), collectively suggesting that the synapsis
observed in plk-2mutants is nonhomologous rather than autosy-
napsis or the consequence of loading of SC components onto
individual axes. Since extensive SYP-1 could be detected on
chromosomes in polarized nuclei in which chromosome pairing
is still taking place (Figure S4A), we examined the possibility
that precocious loading of SC components in plk-2 mutants
interferes with homolog pairing and patch formation. In
syp-1(me17)mutant germlines in which synapsis was prevented
by mutation of an essential SC component (Colaia´covo et al.,
2003; MacQueen et al., 2002), PLK-2 still localizes to the nuclear
periphery (Figure S4C), indicating that its localization to the PC is
synapsis independent. Furthermore, in the absence of synapsis,
homologous chromosome pairing was reduced to the levels
observed in the premeiotic region, indicating that the pairing
defect is not the consequence of the precocious synapsis
observed in plk-2(vv44) mutants. Given that plk-2(vv44) mutants
are unable to pair homologous PCs but are competent for SC
assembly, these results collectively demonstrate that PLK-2-
mediated processes are required for both synapsis-independent
pairing between PCs and the repression of SC polymerization
between nonhomologous chromosomes.
Loss of PLK-2 Function Disrupts Formation of NE Bridge
Complex Patches Required for Chromosome Pairing
A failure to coordinate appropriate levels of homolog pairing with
synapsis has also been associated with defects in the NE
components SUN-1 and ZYG-12 (Penkner et al., 2007, 2009;
Sato et al., 2009). Since PCs and PLK-2 colocalized with SUN-
1/ZYG-12 patches at early prophase, we next examined
the localization of these proteins in plk-2(vv44) mutant nuclei
undergoing meiotic chromosome pairing. SUN-1 is required for
the localization of ZYG-12 to the NE, which in turn interacts
through its N terminus with cytoplasmic dynein and the microtu-
bule network (Malone et al., 2003). During meiosis, these cyto-
skeletal forces are thought to bring together variable numbers952 Developmental Cell 21, 948–958, November 15, 2011 ª2011 Elsof NE-associated PCs (Penkner et al., 2007) to form dynamic
SUN-1/ZYG-12 patches in which homology is assessed, and
nonhomologous chromosomes are separated to prevent
synapsis between them (Penkner et al., 2007, 2009; Sato et al.,
2009). A point mutation in sun-1(jf18) resulting in a G311V substi-
tution in the protein does not affect SUN-1 localization to the NE
of meiotic prophase nuclei but produces defects in chromosome
pairing and promiscuous synapsis (Penkner et al., 2007). Expres-
sion of SUN-1(G311V) results in the formation of PC-associated
SUN-1 foci, but no SUN-1/ZYG-12 patches; these SUN-1 foci
show severe defects in movement within the NE, demonstrating
that SUN-1/ZYG-12-mediated movement of the PC ends of
chromosomes is required to promote homolog pairing and nega-
tively regulate synapsis (Penkner et al., 2009). To determine if
PLK-2 functions through the SUN-1 pathway, we examined
SUN-1 and ZYG-12 localization in early prophase nuclei of plk-
2(vv44)mutants (Figure 6). Both NE components were dispersed
within the NE and failed to localize into the PC-associated
patches observed in wild-type nuclei undergoing chromosome
pairing. Moreover, SUN-1 also failed to localize into the PC-
associated foci observed in sun-1(jf18) mutants (Penkner et al.,
2009), indicating that PLK-2 is required at an earlier step in which
SUN-1 aggregates in the vicinity of the PC ends of chromosomes
to form detectable foci. Since the precocious synapsis observed
in plk-2 mutants could potentially interfere with focus or patch
formation, SUN-1 localization was examined in plk-2(vv44)
mutants in which synapsis is blocked by mutation of syp-2 (Fig-
ure S5A). SUN-1 foci/patch formation was not restored in these
asynaptic early prophase nuclei, suggesting that the nonhomol-
ogous synapsis observed inplk-2(vv44)mutants is a downstream
consequence of the failure to form PC-associated SUN-1 foci.
Consequently, we conclude that PLK-2 activity is required at
two sequential steps relating to NE dynamics during meiotic
chromosome pairing: first, its activity is required to form the
PC-associated SUN-1 foci; and second, to promote the aggre-
gation of these foci into the patches required for the homolog-
pairing process.evier Inc.
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at Serine 12
Since PLK-2 colocalized with SUN-1 foci/patches, we next
considered the possibility that PLK-2 localization to the PCs
andNE reflected a requirement for plk-2 in processes thatmodu-
late SUN-1 behavior following PC association with the NE. The
N terminus of SUN-1 extends into the nucleus and is phosphory-
lated at multiple serine residues at the onset of meiosis; the
SUN-1 phosphoepitopes S8-Pi, S12-Pi, and S24-Pi can be
detected in leptotene-zygotene nuclei where they highlight
SUN-1 foci andpatches, appear dispersed in theNEuponpachy-
tene entry, and eventually disappear (Penkner et al., 2009). These
modifications affect SUN-1 dynamics, aggregate dissolution and
crossingover bydefining the timewindowof chromosomemove-
ment, and require the activity of the chk-2 kinase (Penkner et al.,
2009). In plk-2(vv44) transition zone nuclei, anti-S8-Pi and anti-
S24-Pi highlight uniformly dispersed SUN-1 within the NE (Fig-
ure S6), consistent with the observation that plk-2mutants failed
to form SUN-1 foci or patches. In the case of anti-S12-Pi,
however, no nuclear SUN-1 signal could be detected in meiotic
nuclei above background levels in plk-2(vv44) mutants, despite
the fact that we could detect nuclear signals from mitotic nuclei
and the SUN-1 foci that form in sun-1(jf18) mutants (Figure 7A
and Figure S7A). A similar loss of S12-Pi staining was observed
in the meiotic nuclei of him-8; zim-1,2,3(RNAi) germlines that
fail to localize PLK-2 to the PC, indicating that it is the PC-asso-
ciated pool of PLK-2 that is required for acquisition of this modi-
fication (Figure 7A). In the absence of PLK-2, S12-Pi appears in
a PLK-1-dependent manner and colocalizes with PLK-1 into
patches at the NE, indicating that the two polo kinases can func-
tion redundantly in this process (Figure S7). We next considered
the possibility that PLK-2 directly phosphorylates SUN-1 at
serine 12, and could detect PLK-2 in SUN-1-containing com-
plexes (Figure 6G). However, full-length PLK-2 and SUN-1 did
not interact in yeast two-hybrid assays (Figure S5B), and HA-
tagged PLK-2 with in vitro kinase activity failed to phosphorylate
HA-tagged SUN-1 expressed in yeast or GFP-tagged SUN-1 ex-
pressed in worms in vitro (data not shown). These results could
reflect a requirement for PC-mediated PLK-2 activation that
cannot be reconstituted in vitro or that SUN-1 is indirectly
phosphorylated following PLK-2-mediated processes. The
observation that expression of a phospho-mimetic at S12
(SUN-1(S12E)::GFP) in the absence of any endogenous SUN-1
(Penkner et al., 2009) does not rescue the defects in SUN-1 foci
or patch formation in plk-2(vv44) mutants (data not shown) is
consistent with the latter possibility and suggests that S12 phos-
phorylation is not sufficient for meiotic chromosome-pairing
processes in the absence of PLK-2 function. Our results also
suggest that S12 is not a direct target of CHK-2, since CHK-2 is
active in plk-2 mutants as evidenced by the acquisition of S8-Pi
and S24-Pi; however, it remains possible that PLK-2-mediated
activation of CHK-2 is required for S12 phosphorylation.
DISCUSSION
PLK-2 Is Required for Meiosis-Specific SUN-1
Aggregation and Homologous Chromosome Pairing
SUN-domain proteins show profound changes in localization in
the inner NE depending on the cell type and developmentalDevelopmecontext (Hiraoka and Dernburg, 2009); in the nematode germline
SUN-1 is uniformly distributed throughout the NE in mitotically
cycling cells but becomes transiently enriched at sites of chro-
mosome attachment to the NE as cells enter meiotic prophase
(Penkner et al., 2007). Our study reveals that a critical event in
initiating the dramatic changes in NE organization associated
with early meiosis is the targeting of PLK-2 activity to the NE.
At the onset of meiotic prophase, PLK-2 localizes to the PCs,
and several lines of evidence indicate that PLK-2 is required
for modifications at the NE that result in the assembly of
SUN-1/ZYG-12 patches that link meiotic chromosomes to
cytoplasmic dynein and microtubule-mediated forces during
homolog pairing (Malone et al., 2003; Sato et al., 2009; Baudri-
mont et al., 2010). First, SUN-1 fails to redistribute within the
NE at the onset of meiosis in plk-2 mutants in which the PC
ends are associated with the NE, indicating that PLK-2 is
required for both the initial formation of PC-associated SUN-1
foci and their assembly into larger SUN-1/ZYG-12 patches.
Second, no phosphorylation of serine 12 of SUN-1 can be
detected in the meiotic nuclei of plk-2 mutants, a modification
correlated with SUN-1/ZYG-12 patch formation (Penkner et al.,
2009; this study). Finally, loss of plk-2 and the failure to appropri-
ately reorganize the NE result in a spectrum of meiotic defects
similar to those described for patch-defective mutants of sun-1
and zyg-12 (Penkner et al., 2007; Sato et al., 2009). Conse-
quently, our results demonstrate that PLK-2 is required to initiate
events essential for homologous chromosome pairing; themodi-
fication of SUN-1 and the formation of SUN-1/ZYG-12 patches
in which variable numbers of chromosomes are brought together
for homology assessment and sorting (Figure 7B). This process
can first spatially reduce the homology search from three dimen-
sions (the entire volume of the nucleus) to two dimensions in
a restricted area (NE-associated PCs in a patch), consistent
with the appearance of severe defects in PC pairing observed
in plk-2 and sun-1/zyg-12 mutants defective in patch formation.
Second, the cytoskeletal forces that are established through this
connection also participate in regulating synapsis within the
patches since in mutants defective in patch formation, but
competent for synapsis, SC components load precociously
between nonhomologous chromosomes (Penkner et al., 2007;
Sato et al., 2009; this study). Once initiated, SC formation is
highly processive (Colaia´covo, 2006), and the precocious
appearance of the SC in these backgrounds may result from
spurious synapsis initiation between any two closely positioned
chromosome segments. In the wild-type situation, such events
would be suppressed by patch-mediated movements and
synapsis initiation limited to homologously paired chromosomes
(likely at the PCs). Consequently, the SC would appear earlier in
patch mutants relative to wild-types in which SC initiation is
regulated by patch-directed movements. These data are consis-
tent with the model that chromosome movements generated
through patch formation function to separate nonhomologous
chromosomes to prevent synapsis and to reintroduce them
into the pool of unpaired candidates (Baudrimont et al., 2010).
ZIM/HIM-8 PC Proteins Target PLK-2 to the NE
Our results demonstrate that it is the PC-targeted pool of PLK-2
that is required for initiating the meiosis-specific changes in the
NE associated with chromosome pairing. First, the failure tontal Cell 21, 948–958, November 15, 2011 ª2011 Elsevier Inc. 953
Figure 5. Loss of PLK-2 Function Abrogates Pairing and Licenses Nonhomologous Synapsis
(A) Pairing of chromosome V and X PC regions was assessed by FISH in wild-types, plk-2 mutants, and plk-2; syp-2 mutants by dividing the germline into
five zones as indicated. One asterisk (*) indicates values different from wild-type controls, while two asterisks (**) indicate values different from plk-2 mutants at
p < 0.0001.
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Figure 6. PLK-2 Is Required for SUN-1/ZYG-12
Patch Formation and Coimmunoprecipitates with
SUN-1
Leptotene-zygotene nuclei from germlines expressing the
indicated GFP fusion protein stained with GFP (red) and
PLK-2 (green).
(A and B) PLK-2 colocalizes with SUN-1 and ZYG-12 into
patches at the nuclear periphery.
(C and D) In plk-2(vv44) mutants, SUN-1 and ZYG-12
appear uniformly distributed within the NE, while PLK-2
appears in small foci at the NE that colocalize with the NE
components (arrows). Stretches of PLK-2 not at the
nuclear periphery correspond to PLK-2 localization to the
precociously formed SC in plk-2(vv44) mutants (compare
to Figure S4A).
(E) PLK-2 colocalizes with SUN-1jf18 into small foci at the
nuclear periphery.
(F) In sun-1(jf18)mutants little ZYG-12 is detectable at the
NE above background levels, but PLK-2 localizes to foci at
the nuclear periphery. Scale bars, 5 mm.
(G) Western blot analysis of whole-worm extracts and
immunoprecipitates (IP) from sun-1::gfp; sun-1(ok1282);
spe-26(hc138) (sun-1::gfp) and sun-1(ok1282)/nT1(qls51)
(myo-2p::gfp) strains. About 15% of ‘‘input’’ extracts
probed with anti-PLK-2 detects a band of the predicted
molecular weight for PLK-2 (72.1 kDa). SUN-1::GFP and
PLK-2 can be detected in anti-GFP immunoprecipitates
probed with anti-GFP and anti-PLK-2, respectively. PLK-2
cannot be detected in anti-GFP immunoprecipitates from
whole-worm lysates derived from the qIs51-bearing
control strain expressing soluble GFP. See also Figure S5.
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family is accompanied by a loss of SUN-1 phosphorylation at
S12. Second, in him-8(me4) mutants, the loss of PLK-2 recruit-
ment to the X PC correlates with the inability of the X chromo-
somes to associate with SUN-1/ZYG-12 patches (Sato et al.,
2009). An outstanding question is how PLK-2 activity at the PC
culminates in aggregation of SUN-1 in the vicinity of the chromo-
some end (SUN-1 foci) and in SUN-1/ZYG-12 patch formation.
Studies of meiosis in other organisms have found that the diver-
gent N-terminal tails of SUN-domain proteins can interact with
chromosome ends through meiotically expressed species-
specific adaptor molecules: Bqt1/2 in S. pombe, Ndj1 in
S. cerevisiae, and possibly the ZIM/HIM-8 family in C. elegans
(Hiraoka and Dernburg, 2009). Since PLK-2 can be detected in
SUN-1-containing complexes and is required for phosphoryla-
tion at S12, one possibility is that PLK-2 at the NE directly phos-
phorylates SUN-1, leading to meiosis-specific changes in its
behavior. The N terminus of SUN-1 contains a Plk1 core
consensus PBD-binding motif S-[pS/pT]-[P/X] (Elia et al., 2003)(B) Wild-type and plk-2(vv4) pachytene nuclei stained with the axial component HTP-3 (red). Despite t
and SYP-1 (cyan) reveals extensive synapsis.
(C) Wild-type and plk-2(vv44)mutant pachytene nuclei stained with the X chromosome PC componen
Figure S4.
Developmental Cell 21, 948–that includes a previously identified phosphoe-
pitope (Penkner et al., 2009); however, the
observation that S12 is phosphorylated in germ-
lines expressing the unphosphorylatable T36Asubstitution at this site suggests that PLK-2 is not recruited by
this phosphomotif (A.W. and V.J., unpublished data). This inter-
pretation is also consistent with our failure to detect a direct
physical interaction between SUN-1 and PLK-2 by yeast two-
hybrid or in vitro kinase assays (data not shown). Polo-like
kinases also typically phosphorylate the protein to which they
are targeted (Petronczki et al., 2008), and the observation that
PLK-2 recruitment to the PC is dependent on ZIM/HIM-8 locali-
zation suggests that PLK-2 may directly bind and target the
PC-bound ZIM/HIM8 proteins, leading to indirect phosphoryla-
tion of SUN-1. The him-8(me4) mutation results in the replace-
ment of a conserved serine found in all the ZIMs with a unphos-
phorylatable residue (S85F). While this substitution does not
affect HIM-8me4 localization to the X chromosome PC, it results
in a failure to recruit PLK-2, raising the possibility that phosphor-
ylation at this site may be required for PLK-2 recruitment to all
PCs through PBD binding. Although the region surrounding
HIM-8 (S85) does not conform to the Plk1 core consensus
PBD-binding motif, the PBDs of mammalian Plk1 and Plk2he loss of pairing in plk-2mutants, colocalization of HTP-3
t HIM-8 (cyan) and SYP-1 (red). Scale bars, 5 mm. See also
958, November 15, 2011 ª2011 Elsevier Inc. 955
Figure 7. PLK-2 Is Required for SUN-1 Phosphorylation at Serine 12
(A) Leptotene-zygotene nuclei of the indicated genotype stained with phos-
pho-specific S12-Pi of SUN-1 (cyan) and HTP-3 (red) (Experimental Proce-
dures). In wild-types, the S12-Pi pool of SUN-1 localizes to NE-associated
patches; localization in sun-1(jf18) mutants is reduced to foci in association
with PCs (Penkner et al., 2009). No S12-Pi staining above background levels
could be detected in plk-2(vv44) or him-8(e1489); zims(RNAi) mutant germ-
lines, indicating that PLK-2 and the HIM-8 family are required for acquisition of
the phosphoepitope. Scale bars, 5 mm.
(B) Proposedmodel for PLK-2 functions in meiotic chromosome pairing. At the
onset of meiosis, chromosome ends associated with the PCs attach to the NE.
PLK-2 and, to a lesser extent, PLK-1 (not shown) are recruited to the PCs by
the HIM-8/ZIM family of PC proteins in a CHK-2-dependent manner (not
shown). PLK-2 at the PC is required for the local concentration of SUN-1 and
its phosphorylation at S12. SUN-1 through its linkage with its KASH-domain
partner ZYG-12 links the chromosome ends to cytoskeletal forces. Chromo-
some movement through these linkages brings variable numbers of chromo-
somes into larger SUN-1/ZYG-12 patches in which homology between pairs of
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et al., 2008), and the Plk2 consensus-binding motif has not
been defined. Furthermore, Plk1 has been shown to bind phos-
phomotifs on target proteins distinct from the consensus (Elia
et al., 2003), and the yeast Polo kinase Cdc5 can also bind to
unphosphorylated targets via PBD sites distinct from the phos-
phoepitope-binding site (Chen and Weinreich, 2010), revealing
that target recognition by Polo kinases can be mediated by non-
canonical-binding interactions.
Previous studies have demonstrated that the CHK-2 kinase is
also required for phosphorylation of the N terminus of SUN-1 and
SUN-1/ZYG-12 patch formation (Penkner et al., 2009); however,
we favor for several reasons the model that the major role of
CHK-2 in the process is in the assembly of a PC competent for
PLK-2 binding. PLK-2 recruitment to the PC is dependent on
prior binding of ZIM/HIM-8, and since CHK-2 mutants fail to
localize ZIMs and PLK-2 to PCs (Phillips and Dernburg, 2006;
this study), a likely scenario is that CHK-2 activity is required
for ZIM binding to the PCs, followed by PLK-2 recruitment.
Furthermore, loss of PLK-2 abrogates SUN-1/ZYG-12 patch
formation despite the fact that CHK-2 is active in plk-2 mutants
as evidenced by ZIM/HIM-8 loading to PCs, the acquisition of
SUN-1 S8-Pi/S24-Pi, and the initiation of chk-2-dependent
processes like meiotic recombination initiation. However, it
remains possible that CHK-2 is also required for at a later step
in generating the PLK-2-recruiting phosphoepitope following
HIM-8/ZIM binding at the PC.
In summary, we favor the model that ZIM/HIM-8 concentrated
at the PCs function as chromosome-NE adaptors that are acti-
vated by PLK-2 phosphorylation to stably associate with the N
terminus of SUN-1, leading to SUN-1 phosphorylation and patch
formation. Since SUN-1 is an integral membrane component and
is dispersed throughout the inner NE premeiotically, an elegant
attribute of this mechanism is that delivery of PLK-2 to the NE
via the PC generates localized changes to the NE in the vicinity
of the chromosome end, culminating in the transmission of cyto-
skeletal forces through SUN-1/ZYG-12 to the chromosomes.
The PC as a Functional Reiteration of Centromeres
The centromeres of diverse organisms, including a number of
plant species, yeasts, and Drosophila, have pairing activity
during meiosis that can include heterologous and homologous
interactions (Stewart and Dawson, 2008), similar to the inter-
actions between NE-associated PCs. Although C. elegans
chromosomes contain no localized centromeres, the transient
connections established between PCs and the cytoplasmic
microtubule network during meiosis functionally mimic canon-
ical kinetochore assembly and microtubule capture during
mitosis: specialized chromosome sequences assemble a protein
interface that can recruit microtubule-based forces to generate
chromosome movement. Like centromeres (Przewloka and
Glover, 2009), PCs consist of repetitive DNA sequence motifs
(Phillips et al., 2009), are epigenetically modified (Gu and Fire,
2010), and assemble a multiprotein complex that we show in
this study mediates assembly of the NE-spanning mechanismchromosomes is assessed. Nonhomologous chromosomes are separated




Polo Kinases Mediate Meiotic Chromosome Pairingthat links chromosomes to forces generated in the cytoplasm.
During mitosis, Polo kinase localizes to mitotic kinetochores
where it is required for the formation of the kinetochore microtu-
bules that link the chromosomes to spindle forces (Sumara et al.,
2004), and plk-2 function at PCs resembles a reiteration of this
Polo kinase role that has been adapted to link chromosomes
to microtubule-based forces through the NE during meiosis.
Although further studies will be necessary to determine if Polo-
like kinases perform similar functions during telomere attach-
ment and clustering in other organisms, our work in C. elegans
provides a framework to link meiotic chromosome structure
with the changes in NE dynamics required to establish chromo-
some movement during meiotic pairing.
EXPERIMENTAL PROCEDURES
Genetics
The wild-type Bristol N2 strain has been used as control, and all theC. elegans
strains have been cultured under standard conditions (Brenner, 1974). The
plk-2(vv44) mutant was isolated in an EMS-based (ethane methyl sulfonate)
noncomplementation screen for chromosome missegregation using the defi-
ciency hDf6 (Couteau et al., 2004). Mutant strains were obtained from the
Caenorhabditis Genetics Center (University of Minnesota, St. Paul, MN) and
C. elegans Gene Knockout Consortium. The following mutations were used
in this study (LG, linkage group): LG I, htp-3(tm3655), plk-2(ok1936), plk-
2(tm1395); LG IV, him-3(gk149), him-8(e1489), him-8(me4); and LG V, syp-
1(me17), syp-2(ok307), sun-1(jf18).
Antibody Production and Testing
Anti-PLK-2 and anti-PLK-1 antibodies were generated (GenScript Corpora-
tion, Piscataway, NJ) using N-terminal synthetic peptides corresponding to
the first 16 and 20 amino acids, respectively, and purified by immunoaffinity
chromatography with activated supports (Affi-Gel 10; Bio-Rad), according to
manufacturer’s instructions. PLK-2 antibody specificitywas verifiedby a failure
to detect the protein by immunofluorescence in plk-2(tm1395) and plk-
2(ok1936) deletion mutants (Figure 2D, Figures S2B and S2C), and on western
blot analysis of extracts derived from these strains (data not shown). PLK-1
levels at PCs are low in wild-type germlines (Figure 2A), thereby complicating
detection of their loss in plk-1(RNAi) germlines; therefore, PLK-1 antibody
specificity was verified by loss of the PLK-1 signal at centrosomes in the
mitotic region (Figure S2B). The specificity of the SUN-1 phosphoepitope-
specific antibodies S8 and S12 was confirmed by loss of immunofluorescence
in the germlines of strains carrying chromosomally integrated insertions
expressing unphosphorylatable SUN-1(S8A)::GFP and SUN-1(S12A)::GFP in
the absence of endogenous SUN-1 (Penkner et al., 2009); in the case of the
S24 antibody, no signal could be detected in individuals carrying an extrachro-
mosomal array expressing SUN-1(S8,12,24,43,58,62A)::GFP in the absence of
endogenous SUN-1 (data not shown).
RNA Interference
RNA interference experiments were performed as described previously (Fire
et al., 1998). dsRNA was generated using PCR amplification of the most
conserved region of zim-1,2 and 3 using the primers CAGCAAGGAGTT
GTGTTGGA and TGTGGTTTGATGGGAGTTGA, followed by in vitro transcrip-
tion with T7 RNA polymerase (Ambion). At 15 hr post-L4, young hermaphro-
dites were injected and processed for cytological analyses 48 hr postinjection;
efficacy of the RNAi was monitored by the appearance of 12 univalents in the
diakinesis nuclei of injected worms.
FISH and Immunostaining
FISH analysis was performed as described in Couteau et al. (2004), using iden-
tical probes specific for the 5S rDNA locus on chromosome V and left end of
chromosome X. Immunofluorescence analyses were performed as described
in Martinez-Perez and Villeneuve (2005), with the following modifications:
gonads from staged adult hermaphrodites (20–22 hr post-L4) were dissected
in PBS and blocked in 1% BSA in PBST. Primary antibodies were used at theDevelopmefollowing dilutions: guinea pig a-SYP-1, 1:800 (MacQueen et al., 2002); a-HTP-
3, 1:500; a-ZIM-3, 1:100 (Penkner et al., 2009); a-HIM-8, 1:100 (Phillips et al.,
2005); a-SUN-1, 1:300 (Penkner et al., 2009); a-SUN-1 Ser8-Pi, 1:700 (Penkner
et al., 2009); a-SUN-1 Ser12-Pi, 1:1300 (Penkner et al., 2009); a-SUN-1 Ser24-
Pi, 1:100 (Penkner et al., 2009); rabbit a-HTP-3, 1:200; a-PLK-1, 1:50;
a-PLK-2, 1:5; a-Ce-lamin, 1:200 (Liu et al., 2000); and mouse a-GFP, 1:200
(Abcam). The following day, after washing with PBST, secondary antibodies
were added: Alexa Fluor 488 goat a-guinea pig and a-rabbit (1:1000;Molecular
Probes); Alexa Fluor 555 goat a-rabbit and a-guinea pig (1:1000; Molecular
Probes); and Cy3 donkey a-mouse (1:1000; Jackson ImmunoResearch).
Slides were mounted in anti-fading agent (VECTASHIELD; Vector Laborato-
ries) containing 1 mg/ml of DAPI.
Immunoprecipitation
Worms were sonicated (5 3 30 s; 28% output) in 13 homogenization buffer
(15 mM HEPES [pH 7.6]; 10 mM KCl; 1.5 mM MgCl2; 70 mM NaCl; 0.1 nM
EDTA; 0.5 mM EGTA; 1 mM DTT; 44 mM Sucrose; 0,1% Triton X-100; 1 mM
PMSF; 13 protease inhibiter cocktail; Roche; 50 mM NaF; 0.1 mM Na3VO4;
60 mM b -glycerophosphate). The GFP trap (ChromoTek) was used to immu-
noprecipitate SUN-1::GFP. Beads were washed once with homogenization
buffer and two times with washing buffer (10 mM Tris [pH 7.5]; 175 mM
NaCl; 0.5 mM EDTA; 1 mM PMSF; 13 protease inhibitor cocktail; Roche).
Strains used: sun-1::gfp; sun-1(ok1282); spe-26(hc138) (Penkner et al.,
2009), and sun-1(ok1282)/nT1(qls51). Antibodies were anti-PLK-2 (this study;
1:100) and anti-GFP (Roche; mouse, 1:2500).
Image Acquisition and Time Course Analysis of Pairing
Images were acquired and processed using a DeltaVision Image Restoration
System (Applied Precision). Data were collected as a series of 15–25 optical
sections in increments of 0.2 mm under standard parameters with the soft-
WoRx 3.0 software (Applied Precision). For quantitative analysis of pairing,
data for three wild-type and mutant gonads were collected and divided into
five equal-sized zones (45–50 mm in length) from the first mitotic nuclei to
the last pachytene nuclei. FISH signals were scored by examination of
a nucleus through its volume and were considered paired if the distance
between the signals was %0.7 mm (MacQueen and Villeneuve, 2001). Data
for each zone of the gonads were pooled together, giving a total number of
nuclei with paired/unpaired signals, and the significance of the pairing levels
was tested by Fisher’s exact test (two-tailed p value and 95% confidence
intervals), using InStat3 software (GraphPad).
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